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ABSTRACT
The recent development of 3D printing brings numerous opportunities to develop polymer heat exchangers with
desired configurations and allows access to the new complex engineering design for better performance. To be used
in the HVAC&R system, the compatibility of these materials to refrigerants needs to be thoroughly investigated and
understood. This study tested the material compatibility of the printed polymer composites according to the
ASHRAE Guideline 38 using metal pressure vessels. These printed parts were tested with R-134A, R-1234YF, R1234ZE, R-1233ZD(E), and 32-3 MAF POE (10 wt.%) was used as the lubricants. The change in volume, mass,
hardness, and mechanical properties was studied in detail. Different compatibility of the composites with
refrigerants was observed when the composition of the composite changed. After exposure to refrigerants, the
morphological and thermal properties were studied with the scanning electron microscope, thermogravimetric
analysis, and differential scanning calorimetry to further reveal the influence of these refrigerants.

1. INTRODUCTION
Heat exchangers (HX) are essential to enhance process or device efficacy via efficient and safe transfer of heat from
one medium to another. Various different designs and types of HXs are known for industrial and domestic
applications. Polymer heat exchangers (PHX) have been developed to replace some metallic heat exchangers in
applications involving weight restrictions or chemical compatibility and fouling issues. (Viana et al., 2017)
Polymers are lightweight, compatible with corrosive fluids, and have lower coefficients of thermal expansion,
(Cevallos et al., 2012; T'Joen et al., 2009; Trojanowski et al., 2016) which make them good candidates for heat
exchangers. The low surface energy and smooth surface of polymers also result in fewer foiling deposits, thus
providing the antifouling property to PHX.(Cevallos et al., 2012) Therefore, PHX has been used in the desalination
industry, heat recovery, cryogenic industry, automotive industry, etc.(Arie et al., 2020; Zaheed & Jachuck, 2004)
Different methods, such as injection molding and compression molding, have been developed to manufacture PHXs.
The recent development of additive manufacturing (AM) brings numerous opportunities for developing PHXs with
desired design and configuration and allows access to the new complex engineering designs for better performance.
Meanwhile, the AM also allows low-cost prototyping, enabling researchers to design, fabricate and test novel heat
exchangers in a short time frame. The advancement of the additively manufactured heat exchanger was recently
reviewed.(Klein et al., 2018) and pointed out that AM can be more cost-competitive than traditional manufacturing
methods. A layer-by-layer line welding with a laser through an AM process was developed to fabricate an air-water
HX using high-density polyethylene (HDPE).(Arie et al., 2017). The same team (Arie et al., 2020) also developed a
gas to liquid heat exchanger from acrylonitrile butadiene styrene (ABS)/metal composite using fused filament
fabrication (FFF) techniques. Their results show that the printed HX has up to 220% and 125% improvement in heat
flow rate over mass and heat flow rate over volume.
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To be used in the HVAC&R system, the compatibility of these materials to refrigerants needs to be thoroughly
investigated and understood. For such investigation, various different types of hydrofluorocarbon (HFC) refrigerants
are of interest provided those meet low global warming potential (GWP). Different studies have been conducted to
evaluate the compatibility of the polymer materials with refrigerants and lubricants. For instance, Dick et al. (Dick
& Malone, 1998) studied the compatibility of polyethylene terephthalate (PET) and polybutylene terephthalate
(PBT) with low-viscosity refrigeration lubricants and found that these lubricants can extract low molecular weight
components in the polymer materials and resulting in the embrittlement of the polymers. Han et al (Han et al., 2014)
analyzed the combability of thermoplastics, such as acrylonitrile butadiene styrene (ABS), polytetrafluoroethylene
(PTFE), polypropylene (PP), polyvinyl chloride (PVC), nylon, natural rubber, silicone rubber, and neoprene, with
HFC-161, and suggested that most of these thermoplastics except ABS and neoprene are compatible with HFC-161.
Majurin et al (J. Majurin et al., 2015; J. A. Majurin et al., 2014) systematically studied the materials compatibility of
the elastomers, gaskets, and polymers with R-1234yf, R-1234ze(E), and a three-refrigerant blend. Even though,
some studies focus on the material compatibility of polymers and refrigerants are published in recent years. The
material compatibility of the printed polymer composites has not been reported yet. Owing to the rapid development
of the AM, the combability of the additively manufactured polymer composition with low GWP refrigerants needs
to be studied to guide future applications. Additionally, previous studies mainly focus on neat polymer matrices
without reinforcement fillers. The impact of the fillers on the compatibility of the materials is not fully understood
yet.

In this study, the material compatibility of the printed polymer composites was tested according to the ASHRAE
Guideline 38 using metal pressure vessels. These printed parts were tested with low GWP refrigerants including
2,3,3,3-tetrafluoropropene (R-1234YF), 1,3,3,3-tetrafluoropropene (R-1234ZE), and 1-chloro-3,3,3-trifluoropropene
(R-1233ZD(E)), and traditional widely used 1,1,1,2-tetrafluoroethane (R-134A). The 32-3 MAF POE (10 wt.%) was
used as the lubricants in the test. The change in volume, mass, hardness and mechanical properties was studied in
detail. Different compatibility of the composites with refrigerants was observed when the composition of the
composite changed. After exposure to refrigerants, the morphological and thermal properties were studied with the
scanning electron microscope, thermogravimetric analysis, and differential scanning calorimetry to further reveal the
influence of these refrigerants.

2. Experiments
2.1 Additive manufacturing of the composites
Polyethylene terephthalate glycol (PETG) based filaments (Push Plastic) was used for 3D printing. These filaments
were made from different formulations containing pitch-based carbon fiber (150-200 µm) and graphite (particle size:
20-50 µm) as additives, and the detailed composition is listed in Table 1. The filament was passed through a nozzle
with a temperature of 260 C and printed at a speed of 60 mm/s on the printed bed (75 C). A triangle object was
printed and then cut into the desired dimension with a water-jet cutter for testing.
Table 1. Formulations for PETG filaments.
Formulations
Pitch-based carbon fiber (%)
6P-18G-76PETGa
6
10P-20G-70PETG
10
Notes: aP: pitch-based carbon fiber, G: graphite.

Graphite (%)
18
20

PETG (%)
76
70

2.2 Materials Compatibility
The chemical stability of the printed parts was tested by Intertek according to the ASHRAE Guideline 38- 2018Guideline for using metal pressure vessels to test materials used in refrigeration systems. The testing procedure is
listed as follows: Stainless steel pressure vessels were rinsed with toluene and baked in an oven to evaporate residual
solvents. When necessary, samples were trimmed to fit into vessels. Three squares of each polymer composite (1" ×
1") were weighted dry and submerged in distilled water to determine initial mass and volume and were tested for
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hardness with a Shore D durometer. 5 dog bones of each material were tested for tensile strength as controls. The
lubricant was dried with gentle heat and vacuum and then added to the vessels. The vessels were sealed, vacuumed,
and then charged with the appropriate refrigerant. The approximate total volume of the refrigerant-lubricant mixture
was 90% of vessel capacity to ensure full liquid submersion of samples. Vessels were placed in an oven at 55°C for
21 days. Following exposure, vessels were removed and allowed to cool to room temperature. The squares were
removed from the vessel and tested both immediately and after 1 hour of off-gassing at room temperature for mass,
volume, and hardness. The dog bones were tested for tensile strength. 6P-18G-76PETG and 10P-20G-70PETG were
tested with R-134a, R-1234YF, R-1234ZE, and R-1233ZD(E) refrigerants, and 32-3 MAF POE (10 wt.%) was used
as the lubricant.

2.3 Scanning Electron Microscope
Cross-sections of PETG composites after tensile testing were sputtered with iridium and then imaged with a Zeiss
Merlin VP SEM/STEM with a low voltage of 1 keV.

2.4 Thermogravimetric Analysis
TGA was carried out from room temperature to 700°C with sample sizes of 4–8 mg in a TA Instruments Q500 under
nitrogen flow. The sample was heated from room temperature to 700°C at a heating rate of 5°C/min.

2.5 Differential Scanning Calorimetry
The thermal properties of PETG composites before and after the combability test were studied via calorimetry scans
in a Q2500 (TA Instruments). The samples (4–10 mg) were heated from 20 to 200 C and stabilized for 5 min at 200
C. Then the samples were cooled down to 20 C and heated again to 200 C for the second heating cycle. All the
heating and cooling rates were fixed at 20 oC/min.

3. Results and Discussion
For heat exchanger used in the HVAC&R system, the compatibility of the heat exchanger materials to refrigerants
needs to be thoroughly investigated and understood. In this study, the material compatibility of the printed polymer
composites with the low GWP refrigerant R-1234YF, R-1234ZE, and R-1233ZD(E) and traditional refrigerant R134A, was tested according. The changes in the appearance, mass, volume, mechanical properties were evaluated.
These properties were compared at the state directly after the exposure and after 1h off-gassing time. As shown in
Figure 1, there are no obvious changes in the appearance of the sample (6P-18G-76PETG) after exposure to R1234YF. Similar results for the samples that were exposed to other refrigerants.

Figure 1. Picture of the sample (6P-18G-76PETG) before and after exposure to R-1234YF.
The mass of the composites increased after exposure in refrigerant followed by off gassing at room temperature
(Figure 2) due to the absorption of the refrigerants of the composites. For both composites, the mass changes after
exposure to different refrigerants are different, suggesting different refrigerants have different abilities to penetrate
the composites. For 6P-18G-76PETG, the mass increase was 26.6% when it was tested immediately, and 21.3%
mass gain when it was tested after 1 h off-gassing after exposing to R-1233ZD(E), representing the largest mass gain
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among samples. For other refrigerants, the changes are relatively smaller compared to R-1233ZD(E), suggesting R1233ZD(E) can easily penetrate the composite matrix. The mass change was reduced after 1h off-gassing due to the
evaporation of the refrigerants. Compared to the 6P-18G-76PETG, the mass gain is smaller in the case of 10P-20G70PETG. The high filler content (patch-based carbon fiber and graphite) makes 10P-20G-70PETG less septicidal to
the solvent penetration. Comparison among different refrigerants, the R-1234YF and R-134A cause less mass
change for the composites.

Figure 2. Mass change of the PETG composites after compatibility test.
(a) 6P-18G-76PETG and (b) 10P-20G-70PETG
The exposure of the composites to refrigerants also results in the shrinking of the composites, which is reflected in
the reduction of volume. As shown in Figure 3, the volume of the composites decreased after exposure, and the R1234YF caused the least shrinkage for the samples. The 10P-20G-70PETG shows better shape stability when
exposed to R-1234YF compared to 6P-18G-76PETG, owing to the higher filler loading that enhances rigidity and
dimensional stability. Other refrigerants cause a similar level of shrinkage of the composites, and the shrinkage
seems to be unrecoverable since the volume change is slighter higher after refrigerant evaporation (1 h off-gassing).
The volume change (shrinkage) of the composites observed in this study is contradictory to previous reports, where
polymers were swollen after exposure to refrigerants, and the volume increased.(J. Majurin et al., 2015; J. A.
Majurin et al., 2014) This could be caused by the collapse of the pore (Figures 9 and 10) in the printed sample. The
existence of the pores in the 3D printed sample is a known issue.(Saroia et al., 2020)

Figure 3. Volume change of the PETG composites after compatibility test.
(a) 6P-18G-76PETG and (b) 10P-20G-70PETG.
The refrigerants also have an impact on the hardness (Figure 4), and the impact of the refrigerants on the hardness
varies. For 6P-18G-76PETG, the hardness slightly changed after exposure to R-134A, R-1234YF, R-1234ZE.
Whereas the hardness decreased around 25% after exposure to R-1233ZD(E). As discussed in Figure 2, the R1233ZD(E) can easily penetrate the composites and lose the polymer chain, which could cause a decrease in
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hardness. After 1 h off-gassing, the decrement in hardness reduced to 9%. For 10P-20G-70PETG, R-134A cause the
12% decrease in hardness. R-1234YF and R-1234ZE have less impact on the hardness.

Figure 4. Hardness of the PETG composites before and after compatibility test.
(a) 6P-18G-76PETG and (b) 10P-20G-70PETG.
The mechanical properties are an important parameter for polymer composites. The impact of the refrigerant on the
tensile strength was evaluated and shown in Figure 5. The tensile strength of 10P-20G-70PETG is 35 MPa, which is
higher than 6P-18G-76PETG (30MPa) owing to the reinforcement effect by the filler. After exposure to refrigerants,
the tensile strength decreased for 6P-18G-76PETG, and the value decreased by 36.4% after exposure to R1233ZD(E). Whereas the tensile strength increased for 10P-20G-70PETG after exposure to R-1234YF, R-1234ZE,
and decreased for the other two. Exposing both composites to R-1233ZD(E) results in significant decrease in the
tensile strength.

Figure 5. Mechanical properties of the PETG composites before and after compatibility test.
(a) 6P-18G-76PETG and (b) 10P-20G-70PETG.
Additionally, the thermal properties of the composites after material compatibility were evaluated with TGA and
DSC, to understand the influence of these refrigerants. As shown in Figure 6, both composites have high thermal
stability, and the decomposition starts around 390 oC,(Latko-Durałek et al., 2019) where the PETG starts
decomposing. However, after exposing to refrigerants, the sample starts decomposing in a much lower temperate, ca
150 oC, which may be due to the decomposition of the refrigerant at lower temperature. The penetration of these
refrigerants into composition reduced the thermal stability. For 6P-18G-76PETG, the sample after being treated with
different refrigerants has similar thermal stability, however, for 10P-20G-70PETG, the value is different. The
composite treated with R-1233ZD(E) has lower thermal stability.
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Figure 6. TGA results of the 3d printed composites before and after chemical compatibility test.
(a) 6P-18G-76PETG and (b) 10P-20G-70PETG.
The thermal transition of the materials after the material compatibility test was done using DSC. Both composites
(6P-18G-76PETG and 10P-20G-70PETG) were tested from room temperature to 200 oC using a heating, cooling,
and heating circle. As shown in Figure 7, the control sample 6P-18G-76PETG has a glass transition (Tg) around 71
o
C and an endothermic removal of processing aid present in the material around 171 oC during the heating circle,
and there is no crystallization during the cooling due to the amorphous nature of PETG. After being treated with
refrigerants, endotherm peaks at 108, 119, 110 oC was observed for R-134A, r-1233ZD(E), and R-1234ZE in the
first heating circle, which may be caused by the evaporation of the absorbed refrigerants. However, there is no
similar peak for the R-1234YF treated sample. During the second heating circle, the Tg of the control sample stays
unchanged. However, the Tg of all refrigerants treated samples decreases to 60 oC, suggesting the refrigerants can
plasticize the PETG and caused the decrease of the Tg. For 10P-20G-70PETG composites (Figure 8), a similar
thermal transition was observed in the first heating circle. For R-134A treated sample, the Tg did not change. And
other Tg decreased to 55, 58, and 63 oC for R-1233ZD(E), R-1234YF, and R-1234ZE treated samples, respectively.
These suggested the composition of the composites affected the plasticization effect of these refrigerants. The
plasticization effect increases the polymer chain mobility and results in the decrease of Tg. Whereas the fillers,
especially fiber, restrict the polymer chain mobility. The change of the Tg in these composites is the result of these
effects, suggesting further tunability potential of the filled compositions

Figure 7. DSC results of 6P-18G-76PETG composites before and after compatibility test.
The morphology of the cross-section after the tensile test (before and after exposure to refrigerants) was investigated
using SEM. The results are shown in Figure 9 (6P-18G-76PETG) and Figure 10 (10P-20G-70PETG). As shown in
Figure 9, the composite is porous and the printing layer with a thickness of 318 µm can be seen. The graphite can
also be seen in higher resolution images (not shown here). After the capability test, the sample is still porous,
however, the cross-section of some samples (R-134A and R-1234ZE) becomes flat, and most of the pores are
blocked or clasped. This could be the reason for the shrinkage of the samples after exposure to refrigerants. For R1233ZD(E) and R-1234YF treated samples, less pore was blocked, and the porous structure still exists. Whereas for
10P-20G-70PETG, the cross-section of the refrigerant treated samples is smooth, most of the porous are blocked.
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Figure 8. DSC results of 10P-20G-70PETG composites before and after compatibility test.

Figure 9. SEM results of 6P-18G-76PETG composites before and after compactivity compatibility test.
(a-e) 100 ×, (f-j) 1000×.

Figure 10. SEM results of 10P-20G-70PETG composites before and after chemical compatibility test.
(a-e) 100 ×, (f-j) 1000×.

6. CONCLUSIONS
In summary, the material compatibility of the printed polymer composites with low GWP refrigerants, such as R1234YF, R-1234ZE, and R-1233ZD(E), and traditional used refrigerant R-134A was evaluated in this study. The
results suggest that refrigerants caused an increase in mass and shrinkage in volume. Their impact on hardness
varies. For 6P-18G-76PETG, the tensile strength decreased after testing. Whereas the tensile strength increased for
10P-20G-70PETG after exposure to R-1234YF, R-1234ZE. Exposing both composites to R-1233ZD(E) results in
significant decrease in the tensile strength. The thermal stability decreased owing to the adsorption of the refrigerant
by the composites. The refrigerants can plasticize the composites and result in a decrease in Tg. Our results suggest
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the R-1234YF has better compatibility with the PETG composites and the composite with higher filler contents
tends to have better compatibility with refrigerants.
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